We use spatially resolved high-resolution spectra of the 5890 and 5896 A sodium D lines in the nuclear regions of comet Hale-Bopp to determine the sources of cometary sodium. Comparison of the data to a Monte Carlo model of sodium dynamics suggests that the intensities and velocities of sodium in Hale-Bopp can be explained if 55% of the observed sodium is produced at the nucleus, the remaining 45% is produced in an extended source, and the sodium is accelerated by solar radiation pressure. Observations of H2O + in Hale-Bopp and subsequent modeling of a plasma-derived sodium source show that this source produces sodium at higher velocities than those observed; any contribution from such a source must be small. The combined nucleus and extended sources of sodium which t our data best would create a sodium tail at a scale 100 times larger than that of these observations identical in morphology and velocity to that observed in Hale-Bopp.
Introduction
Sodium has been observed in cometary comae since the apparition of comets 1882 I and 1882 II (Levin 1964) . For typical comets, the emission from sodium is faint and is only discernible as the comet approaches within 1 AU of the sun, leading to the suggestion that the source of sodium is the evaporation of refractory grains released from the nucleus (Huebner 1970) . In more active comets, however, sodium is visible further from the sun. A recent analysis of three such comets has suggested that in these cases, sodium is produced from both a nuclear source and a more extended source with a distribution reminiscent of the plasma tail (Combi et al. 1997) .
Discovery of a distinct sodium tail in Hale-Bopp has generated renewed interest in the sources and dynamics of cometary sodium (Cremonese et al. 1997a (Cremonese et al. , 1997b ) Di ering initial interpretations suggested that the sodium tail came from a plasma source (Combi et al. 1997) , from sodium-bearing molecules (Sekanina et al. 1997) , and from a direct nucleus source (Cremonese et al. 1997b , Rauer et al. 1997 .
Observations of the velocity distribution of cometary sodium give important clues into the source and dynamics of the sodium. For example, velocities measured from spectra obtained far from the nucleus at the location of the Hale-Bopp sodium tail suggest that the sodium was released at the nucleus and has been accelerating due to solar radiation pressure (Cremonese et al. 1997b , Rauer et al. 1997 , and spectra of the dust tail of Hale-Bopp show the signature of sodium that has been released from dust at low velocities and is currently being accelerated by radiation pressure (Fitzsimmons et al. 1997) .
To determine the sources and dynamics of sodium closer to the nucleus, we obtained high velocity-resolution spectra of sodium in the near-nucleus regions of Hale-Bopp. We use Monte-Carlo modeling and direct comparison to measured plasma velocities to determine the sodium sources in the comet.
Observations
Sodium in comet Hale-Bopp was observed using the Lick Observatory 0.6 m coud e auxiliary telescope coupled to the Hamilton Echelle Spectrometer (Vogt 1988 ) on 8 and 10 April 1997 (Table 1) . For each exposure, the nucleus of the comet was placed at the center of the 6 arc minute slit, and the slit was aligned along the projection of the comet-sun vector. A 40 A wide order-sorting lter centered at 5893 A was used to isolate order 97 of the Echelle spectra, which was recorded on a 2400 2 TI CCD. The observations achieved a spectral resolution of = (FWHM) 5 10 4 at a spatial scale of 2.16 arc seconds per pixel, corresponding to a velocity resolution of 6.2 km sec ?1 (oversampled at 2.5 km sec ?1 per pixel) and, at the comet geocentric distance of around 1.4 AU, a spatial scale of 2200 km per pixel projected at the comet.
To isolate the sodium emission lines, we had to subtract light contributions due to the faint twilight sky and to the solar continuum re ected from the dust. The twilight sky level was determined far from the location of any cometary emissions and an appropriately-scaled day sky spectrum was subtracted. The solar continuum re ected o the dust coma was then removed by subtracting the product of an average spatial pro le o the Na cometary and sky lines and an appropriately velocity-shifted day sky spectrum (Fig 1.) .
Determination of absolute sodium velocities and relative sodium intensities was facilitated by comparison to the bright sodium sky line emission emanating from nearby San Jose, California. The velocity of the cometary Na was determined by tting a sum of two gaussian functions to the spectrum at each spatial location (one for the sky line and one for the cometary component.) The sodium velocity with respect to the nucleus was determined from the separation of the gaussian centers and corrected for the geocentric velocity of the comet. The relative column density of cometary Na along the slit was determined by subtracting the sky line, summing the counts at each spatial location, and dividing the consequent intensity by the slit function determined from identical measurement of the sky line.
The measured relative intensities and absolute velocities of the sodium emission from 8.15 April 1997 are shown in Figure 2 . The most striking aspects of the sodium intensity distribution is the sunward bump of sodium appearing about 3 10 4 km sunward of the nucleus. Also noteworthy is the fast drop in intensity sunward of the nucleus compared to intensities tailward. All measured sodium velocities are anti-sunward directed with higher velocities { up to 6 km s ?1 { at larger distances from the nucleus. All of these features will be explained below as a consequence of the solar radiation pressure acting on the sodium atoms and accelerating then anti-sunward. The other 3 spectra appeared similar; none of the observed features is a short lived transient.
Sodium model
To understand the distribution of sodium velocities in Hale-Bopp, we constructed a simplistic Monte-Carlo model of sodium dynamics in the comet. In the model, we integrate the equations of motion for a particle subject to an initial radial velocity and to the anti-sunward force of solar radiation pressure.
The solar radiation pressure felt by a sodium atom depends on the heliocentric velocity of the atom (Spinrad and Miner 1968) ; the solar ux responsible for the radiation pressure varies by almost a factor of twenty between the bottom of the sodium Fraunhofer line and the nearby continuum. We determine the acceleration felt by each sodium atom at each time step in our simulation by determining the solar ux at the cometocentric velocity positions of the sodium D 1 and D 2 lines and solving for the momentum transfer between the sodium atoms and solar photons. The acceleration varies from about 0.03 m s ?2 to 0.60 m s ?2 at 1 AU.
The initial sodium velocity is chosen to be 0.8 km s ?1 directed radially outward from the comet nucleus. Sodium atoms close to the cometary nucleus will su er frequent collisions and will therefore be coupled to the out owing neutral coma, so the velocity will be determined by collisions rather than by the e ects of solar radiation pressure. Combi et al. (1997) model cometary sodium and explicitly include these e ects. We use, instead, an approximation of a xed collision radius, inside of which velocities are forced to be radially outward at 0.8 km s ?1 and outside of which solar radiation pressure is allowed to operate. Though this approximation is simplistic and will not reproduce the full behavior in the complex transition region from the collisional to the free-owing regime, the behavior further from this region should not depend on these details, so the simulation should produce reasonable results.
At each time step the velocity and location of the sodium atom is observed by a synthetic spectral aperture to create a model long-slit spectrum with the characteristics of the observations described above. The contribution from each sodium atom at each time step is weighted by exp(t= ), where t is the time since the liberation of the sodium atom and is the lifetime of the atom against photoionization, to account for the destruction of sodium atoms with time. We use a sodium lifetime of 1:69 10 5 seconds, as determined from the theoretical calculations of Huebner et al. (1992) and suggested by Combi et al. (1997) for previous cometary sodium observations. Our rst model includes only a nuclear source. We pick a collisional radius of 4 10 4 km based on the location of the sodium bump visible sunward of the nucleus in the data. As is seen in Figure 3 , this bump occurs just outside of the collision sphere where sunwardly-directed sodium atoms rst feel the solar radiation pressure and are slowed and then turned back toward the nucleus. Atoms re-encountering the collisional sphere are turned back towards the sun and only escape tailward by eventually slipping around the edges of the collisional sphere. In reality, the transition from collisional to non-collisional regions is not a hard boundary, so the real sodium bump should be less pronounced than the modeled bump, as seen in the data. The observations show considerable high velocity sodium sunward of the bump, however. Because of the strong tailward acceleration su ered by sodium atoms in the absence of collisions, sodium can not have traveled directly from the nucleus to this location; some extended source of higher velocity sodium is clearly required.
The nucleus source gives a close match to the observed tailward velocities, showing that these velocities are consistent with radiation pressure acceleration being the sole source of acceleration of the tailward side. A nucleus point-source cannot match the intensity distribution on the tailward side, however. As found by Combi et al. (1997) , additional extended sources are required to match the tailward intensity pro les.
Because of the need for these additional extended sources, we next model a source with a density distribution proportional to r ?2 , like that expected from a dust source. Figure 4 shows the modeled intensities and velocities for this case, again assuming a collision radius of 4 10 5 km. A pileup still occurs at the edge of the collision sphere, as sodium released inside of the sphere is given the 0.8 km s ?1 out ow velocity, and sodium released sunward of the sphere is likely to get blown back and swept into the collisional sphere, creating the visible pileup as above.
The modeled tailward velocities are again a close match to the observed velocities. This situation occurs because for a r ?2 distribution, much of the sodium rst appears within the collisional sphere and is carried to the edge of the sphere before accelerating down the tail, identically to the case modeled above. The major di erence in the tailward velocities between the nuclear and the extended sources is that the extended source causes a velocity distribution with a tail extending toward zero velocity, as can be seen in the data in Figure  1 .
Sunward of the collisional sphere, where all of the sodium visible must come from an extended source, the modeled sodium velocities are a moderately good match for the observations. The high sodium velocities sunward are caused by sodium released sunward of the nucleus and then accelerated by solar radiation pressure to higher velocities. At higher spectral resolution, these lines would appear peaked at a cometocentric velocity of 0 km s ?1 and have an extended anti-sunward tail, as seen in Spinrad and Miner (1968) . At the resolution of these observations, this extended tail causes the center of the spectral line to appear displaced anti-sunward by a few km s ?1 .
The extended source produces a good match to the sunward intensities in front of the collisional sphere and to the attening of the tailward intensities far from the nucleus, but the steep distribution inside of the collisional sphere requires more contribution from a point-like source. The best t to the intensities and velocities of the data comes from a model with a fractional contribution from the nuclear source of 55% and from the extended source of 45% ( Figure  5 ). This model ts all intensity and velocity regions well except for the details of the sunward bump, where the simplistic modeling of the collisional sphere of the comet prevents a better match.
We conclude from these models that the observed spatial and velocity distributions of sodium in Hale-Bopp are consistent with a model where approximately half of the sodium is directly released from the nucleus or from a very short-lived parent molecule and the other half is released from an extended source such as one due to dust grains.
4 Plasma Source Combi et al. (1997) suggested that the spatial distribution of sodium in the three comets they observed also required the presence of both nucleus and extended sources, but they hypothesized that the extended source was due to molecular recombination of sodium bearing ions, explaining the tailward extent of this source and the apparent morphological similarity between the sodium and H 2 O + in the near-tail.
Using measurements of both the sodium and H 2 O + velocities in Hale-Bopp we can directly test this hypothesis. Observations of H 2 O + were made on 6 nights between 8 March and 5 April 1997. The velocities and intensities of the H 2 O + were extracted following the method described by Brown et al. (1993) . Figure 6 shows the H 2 O + velocities and intensities from the night of 3 April 1997; these parameters varied little previous to the time of the sodium observations, so we assume that these observations are representative. As previously observed by Brown et al. (1993) , the H 2 O + observations show the signature of the slowing of the solar wind as it approaches the nucleus and of the acceleration down the tail of the comet.
Modeling of the sodium distribution expected from a plasma source is considerably more di cult. Full modeling would require a complete description of the three-dimensional density and velocity elds of the ions and electrons. While the H 2 O + measurements would help to constrain such a description, it would still remain highly uncertain. We instead adopt a one-dimensional model where we use the line-of-sight H 2 O + intensity as the source distribution and the velocity as the starting sodium velocity. The use of this one-dimensional model is equivalent to assuming that all plasma and sodium motions are in the plane of the line-of-sight; no motion above or below the observing slit is permitted, nor is new material allowed to enter from outside of this plane. This assumption should reproduce the basic behavior of the sodium velocities arising from a plasma source except in the region of the collision sphere, where a one-dimensional model cannot account for the necessary sideways slippage of the sodium around the edges of the sphere. We therefore make no attempt to model this region.
The modeled velocities and intensities for sodium from a plasma source are shown in Figure 7 . The sodium velocities are even higher than those of the extended source model owing to the higher starting velocities of the sodium for this plasma model and do not t the data well at any location. We conclude from these modeled velocities that a plasma source for the sodium must be small or non-existent for Hale-Bopp
Sodium Tail
We can use our model to determine if the same processes responsible for the creation of the sodium in the near-nuclear region of Hale-Bopp can also explain the sodium tail observed by Cremonese et al. (1997) to a distance 100 times further from the nucleus than that of these observations. The sodium tail that would be created by our favored model with 55% nucleus source and 45% extended source for the observing parameters of Cremonese et al. (1997) is shown 6 in Figure 8 . At a projected distance of about 5 10 7 km from the nucleus, the sodium tail was observed to have a width of about 10 arc minutes, or 7 10 5 km; our modeled tail has a similar width of 12 arc minutes. Such a width is the direct consequence of expansion of a point source of sodium. Assuming an average acceleration of 0.50 m s ?2 , a sodium atom will take 4:5 10 5 s to travel to 5 10 7 km. During this time, a radial velocity of 0.8 km s ?1 will have carried it 3:6 10 5 km laterally, giving the observed 7 10 5 km diameter of the tail. The sharp edges of the tail are a consequence of the interaction with the collisional sphere close to the nucleus. All sodium initially ejected sunward from the nucleus eventually escapes tailward by slipping around the edge of the collision sphere, forming a tailward-moving cylinder of material with the observed sharp edges. In the Cremonese et al. (1997) image, the southern edge has this sharp boundary, but the northern edge is more di use. This asymmetry is likely a consequence of the extended dust source. In our model we assume only a r ?2 source, but at large distances in Hale-Bopp the dust forms into a tail which sweeps north of the sodium tail. Sodium released from this dust will accelerate parallel to the sodium tail and will smear the northern edge of the tail.
Modeled velocities also agree well with the velocities measured by Cremonese et al. (1997a) . At a distance of 6:3 10 6 km from the nucleus, they report a sodium line-of-sight velocity of 77.5 km s ?1 (corrected for the 27.5 km s ?1 geocentric velocity), while our model predicts 78.5 km s ?1 . At 2:9 10 6 km, they report 58.0 km s ?1 , while our model predicts 53.5 km s ?1 .
These models con rm the suggestions of Cremonese et al. (1997b) and Rauer et al. (1997) that the sodium tail is formed through the anti-sunward radiation pressure acceleration of sodium from a nucleus source. The additional complications of a sodium bearing molecular source (Sekanina 1997) or a dissociative recombination plasma source (Combi et al. 1997) are not needed to explain these observations.
Summary
Observations of the sodium velocity and intensity distribution in Hale-Bopp are best explained with a model where almost equal amounts of sodium are released directly from the nucleus (or from a short-lived parent) and from an extended dust source. This model explains the high anti-sunward velocities sunward of the nucleus as being due to sodium released from dust and then accelerated by solar radiation pressure and the anti-sunward sodium bump as a consequence of the pile-up of sodium at the edge of the collisional sphere. The tailward velocities are a simple consequence of anti-sunward acceleration due to solar radiation pressure. The model which provides a best t to these data also reproduces the morphology and velocities of the sodium tail at a distance 100 times further down the tail. The geometric parameters of the observations are r, the geocentric distance, _ r, the geocentric velocity, , the heliocentric distance, _ , the heliocentric velocity, and , the sun-earth-comet angle.
Figure 1: A long-slit high-resolution spectrum of sodium emission from HaleBopp from 8.15 April 1997. Cometary sodium emission peaks at zero velocity at the nucleus and is accelerated in the anti-sunward direction both sunward and tailward of the nucleus. The emission line which appears at -34 km s ?1 is due to bright terrestrial sodium emission at zero geocentric velocity. Light from the twilight sky and from the dust continuum has been subtracted. Modeled intensities and velocities for a plasma-derived sodium source (solid lines) compared to the data from Hale-Bopp (small points). The modeled velocities are signi cantly higher than those measured; any plasma-derived sodium source in Hale-Bopp must be small compared to the other sources. Figure 8 : A modeled image of the sodium tail expected from our best t model. Though the current observations are con ned to a slit the size of the small white area at the nucleus, the model derived from these observations agrees well with all of the sodium tail observations 100 times further from the nucleus. The sodium tail is explained simply from the radiation pressure acceleration of sodium released from the nucleus of the comet.
